hydrological (TH) conceptual models have yielded a good fit between simulation results and those measured data. However, some uncertainties in understanding the TH processes associated with the DST still exist. This paper evaluates these uncertainties and provides quantitative estimates of the range of these uncertainties. Of particular interest for the DST are the uncertainties resulting from the unmonitored loss of vapor through an open bulkhead of the test. There was concern that the outcome from the test might have been significantly altered by these losses. Using alternative conceptual models, we illustrate that predicted mean temperatures from the DST are within 1 o C of the measured mean temperatures through the first two years of heating. The simulated spatial and temporal evolution of drying and condensation fronts is found to be qualitatively consistent with measured saturation data. Energy and mass balance computation shows that no more than 13% of the input energy is lost because of vapor leaving the test domain through the bulkhead. The change in average saturation in fractures is also
Introduction
The Yucca Mountain site at Nevada is currently being characterized to determine its suitability as a potential repository for high-level radioactive waste (HLW). Heat emanating from HLW, after its emplacement in the unsaturated zones of Yucca Mountain, is expected to produce coupled thermal, hydrological, mechanical and chemical (THMC) changes in the surrounding fractured tuff. For example, coupled THM changes may result in opening or closing of fractures, affecting fluid flow through them.
Similarly, coupled THC processes may produce permanent changes in permeability, porosity, and other hydrological properties of the rock. These THC changes arise from mineral dissolution and precipitation enhanced by simultaneous transport of heat, fluid (water and gas) and vapor. To evaluate the performance of the potential repository, it is important to develop a good understanding of the various THMC changes associated with heating unsaturated rock. Of these coupled processes, understanding the TH processes is most critical because it is the driver for both the coupled THM and THC processes. In this paper, we shall focus our discussion on these TH processes.
3 TH coupling manifests itself in two kinds of data: temperature measurements and liquid saturation measurements. At the initial stages of heating unsaturated rock, most of the input energy goes into raising the temperature of the rock and the water residing in the pore spaces of the rock. This rise in temperature (of both the rock and the pore water) results predominantly from heat conduction, and effects of TH processes on the temperature signature are of a higher order. As heating continues, part of the pore water boils, and the vapor resulting from the boiling moves away from the source of heat. This vapor, reaching cooler regions of the host rock, then condenses. The continuous cycle of boiling and condensation results in large-scale moisture redistribution in the host rock.
Changes in saturation in the host rock associated with these TH processes are difficult to probe and analyze. Active testing data, such as measurements of changes in fracture airpermeability or geophysical measurements like neutron logging (NEU), groundpenetrating radar cross-hole tomography (GPR) or electrical resistance tomography (ERT) provide useful information, though not entirely quantitative, about trends of saturation change in fractures and the matrix.
To acquire a more in-depth understanding of thermally driven coupled processes, a number of field thermal tests have either been completed or are being carried out at Yucca Mountain. Of all these thermal tests, the DST stands out as the largest in situ heater test ever undertaken. The heating phase in the DST began in December 1997 and Active testing is also being performed at regular intervals to capture the spatial and temporal evolution of moisture redistribution in the rock. A detailed description of the DST can be found elsewhere (Civilian Radioactive Waste Management System, CRWMS, 1998; Birkholzer and Tsang, 2000.) Three-Dimensional (3-D) numerical models that take into account the realistic test geometry and all relevant TH processes (such as heat conduction, heat convection, boiling, vaporization, condensation, fluid flow in the matrix and fractures) have been developed for analyzing the large volume of TH data continuously generated from the DST. These models have been successful in predicting TH changes that compare well with the measured data (Birkholzer and Tsang, 2000) . For example, the mean error between the simulated and measured temperatures from approximately 1,700 temperature sensors is reasonably small (a few degrees Centigrade after 30 months of heating). Also, the locations of dry-out and condensation zones deduced from ERT, GPR, neutron logs, and air permeability correlate well with the simulated time evolution of the liquidsaturation changes in the matrix and fractures. The good match between measured and simulated TH data from the DST (Birkholzer and Tsang, 2000) demonstrates that all the 5 major components of the TH processes are included in the models, and that we have gained a good level of understanding of the TH coupled processes.
Notwithstanding our confidence in the TH models, many uncertainties likely remain and need to be addressed. In situ field tests inherently contain more uncertainties than experiments carried out in the laboratory, where test conditions can be controlled. For the DST, for example, a source of uncertainty arises from the unmonitored quantity of vapor (and the energy associated with it) that may have left the test block through open boundaries. In particular, the hot side of the HD is separated from the unheated section by a bulkhead. This bulkhead, however, is not perfectly sealed because bundles of power cable and instrument-wiring pass through it. Therefore, a fraction of vapor generated in the rock mass from heating can enter the HD under a gas pressure gradient and then leave through the permeable bulkhead.
Other high-permeability conduits may also provide easy passage for vapor not into the cooler region of the test block, but instead into the HD and out through the bulkhead. The most likely candidates are the boreholes housing the wing heaters because of their direct connection to the HD and because of their proximity to the source of vapor production.
The unmonitored loss of vapor through the bulkhead directly affects the amount of moisture that is retained in the test block and the measurements pertaining to moisture redistribution. Since vapor carries latent heat with it, the vapor loss also affects the spatial and temporal evolution of temperature within the test block.
In this paper, we focus on assessing the uncertainties in coupled TH processes associated with the DST. This paper is organized as follows. In Section 2, we present two alternative 6 conceptualizations. One is to consider the wing heater boreholes as having hydrological properties identical to the host rock, and the other is to treat the them as highpermeability conduits. The uncertainties are assessed by comparing results from these two alternative models with measured temperature and moisture redistribution data. In
Section 3 we present estimations of the partition of input energy into heating rock, heating water, and providing energy participating in phase changes. In Section 4, we provide a summary of our assessment of the impact of moisture loss through the open boundary on the fate of thermally mobilized water.
Assessment of uncertainties using alternative conceptual models
The welded tuff of Topopah Spring middle nonlithophysal (Tptpmn) stratigraphic unit (the host rock of the DST) is intensely fractured, with the continuum permeability of the well-connected fractures having a geometric mean of about 10 -13 m 2 , many orders of magnitude larger than that of the rock matrix. While part of the vapor generated by heating pore water in the DST is transported away from the source of heat into cooler regions of the host rock through this network of well-connected natural fractures, the remainder of the vapor is transported via the HD to the cool side of the bulkhead. Transport of vapor to the HD takes place through both natural fractures and high-permeability conduits of the wing heater boreholes. To assess the uncertainty associated with vapor loss, we consider two conceptual models of the DST. Both these models are based on a dual-permeability (DKM) conceptualization (Pruess, 1991) , in which the rock matrix and the fractures embedded in it are modeled as two separate, interacting continua. Simulations for both these conceptual models are carried out using 7 the TOUGH2 simulator (Pruess, 1991) . Both the conceptual models incorporate the bulkhead as an open boundary and the HD as a high-permeability conduit. In the first model (Birkholzer and Tsang, 2000) , vapor transport to the HD is assumed to be mostly through the natural fractures in the host rock. That is, the wing heater boreholes are modeled as host rock. In the second model, the numerical gridblocks containing the wing heater boreholes are treated as high-permeability conduits. Both conceptual models have the same average total power input as the test. The same thermal and hydrologic properties are used for both the models and these properties are listed in Table 1 . The rationale behind this choice of property set can be found in Tsang and Birkholzer (2000) .
Temperature
Statistical measures such as the mean error (ME) and root-mean-square error (RMSE) have been developed for comparing measured and simulated temperatures from the DST (CRWMS, 2000) . For calculating ME and RMSE, temperature data measured by approximately 1,700 resistance temperature devices (RTD) installed in 26 boreholes are compared with model temperatures, which are spatially interpolated to the RTD locations. These 26 boreholes are each 20 m in length and form five radial arrays along the HD. In Table 2 , ME and RMSE are shown at various times since the initiation of heating at the DST for the two conceptual models. Observe that, for both models, ME is positive almost all the times, implying that simulated temperatures are on the average larger than measured temperatures. This indicates that simulated results from both conceptual models predict more heat being retained in the test block than actually measured. Though the mean error for both conceptual models is positive, the magnitude is much smaller for the conceptual model that treats the wing heater boreholes as high-8 permeability conduits. As an example, when vapor transport occurs mostly through the natural fractures, ME is more than 4 o C by 18 months of heating. However, ME for the other conceptual model is less than 1 o C at 18 months of heating and remains small even at later times. These results indicate that the wing heater boreholes indeed play a role in transporting additional vapor to the HD and out through the bulkhead, and the validation of alternative conceptual models for vapor loss against measured temperature has helped to reduce uncertainty in understanding temperature data from the DST.
Fracture liquid saturation
To investigate Figure 1 . In Figure 2a , observe that a dry-out zone (of decreased liquid saturation from pre-heat ambient values) appears around the HD and the wing heaters. Outside the dryout zone, there is a zone with considerable amount of "wetting" (increased liquid saturation from condensation). Observe also that the wetting is both larger in extent and magnitude below the HD than above. This asymmetric distribution of the wetting zone 9 above and below the HD is caused by gravity drainage in the fractures. Comparable patterns of moisture distribution in the fractures are also seen in Figure 2b . However, since additional vapor has left the system in this model via transport through the wing heater boreholes, wetting in the condensation zone in Figure 2b is somewhat less than that in Figure 2a .
The temporal and spatial evolution of moisture redistribution in the DST fractures caused by heating are tracked by periodic air-injection tests. The preheat liquid saturation is small in the fractures because of the much stronger capillary suction of the rock matrix.
During heating, an increase in the fracture liquid saturation from condensation will be evidenced by a decrease in the local air-permeability value, as the relative permeability to air decreases with the presence of water. Each of the twelve hydrology boreholes (57-61, 74-78, and 185-186) is typically subdivided by high temperature packers into four zones.
Each packed-off interval is equipped with sensors for temperature, pressure, and relative humidity. Air-injection tests were carried out in every zone before heating began. A complete set of air permeability tests continues to be carried out periodically in every zone during heating, at least once per quarter. Estimated air-permeability values derived from the pressure response to these air injection tests were normalized to their preheat values. Only changes greater than expected measurement error (~10%) were considered for the comparative analysis.
To illustrate how air-permeability test results can be utilized to track the redistribution of to 40%. Figure 4 shows that, for this smaller range of liquid saturation reduction, the airpermeability reduction factor is still in the range of 4-5.
The above results indicate that the simulated trends of drying and condensation in the fractures from both conceptual models correlate well with those inferred from periodic air-permeability measurements. Further, both models give comparable magnitude of maximum air-permeability reduction consistent with observed results. This is because the TH coupled processes give rise to only small changes in fracture liquid saturation, 12 and the air-permeability data cannot distinguish between the two conceptual models over such a small change.
Matrix liquid saturation
Periodical geophysical measurements (such as ERT, NEU, and GPR) have been carried out at the DST to track the zones of increased and decreased water content in the rock matrix. These methods are useful for assessing qualitative changes, but do not provide direct and reliable measured value of the absolute liquid saturation or water content in the matrix. Therefore, trend in data for a particular location in the test domain, rather than absolute values, is the most useful information for validating conceptual models. To assess uncertainty in spatial and temporal evolution of matrix liquid saturation, zones of drying and wetting deduced from the geophysical measurements at specific times are compared with the simulated contours of matrix liquid saturation at those times.
As an example of such an assessment, contours of simulated matrix liquid saturation at 24 months of heating are shown in Figures 5a and 5b , for the two conceptualizations, respectively, in the plane of neutron-logging Boreholes 64-68. Figure 5a shows that there is a dry-out zone around the HD and the wing heaters. Outside this dry-out zone, both above and below it, there is a zone of condensate build-up. However, unlike that for the fractures (Figures 2a and 2b) , the condensate build-up is more symmetric, with the buildup below the HD being only slightly stronger than above it. Figure 5b shows patterns of drying and wetting that are similar to those of Figure 5a ; the only difference is that the condensate zone in Figure 5b is less wet than that in Figure 5a . The lower liquid saturation in the condensate zone in Figure 5b results from the extra vapor that has left 13 the test domain. These figures demonstrate that the two concept models describe the same TH processes. Difference between the two alternate conceptual models in this regard lies only in the magnitude of saturation change.
In Figure 6 , we show a tomogram of saturation change from preheat ambient values derived from a crosshole radar survey taken at 692 days (approximately 23 months) since initiation of heating. Note the decrease in saturation around the HD and the wing heaters, and the increase in liquid saturation immediately outside the drier-than-ambient region.
When comparing these measured changes with the simulated matrix liquid saturation in
Figures 5a and 5b, we note that the simulated location of the dry-out and condensation zones is consistent with the measured pattern of moisture redistribution. However, the measured changes in saturation cannot distinguish between the two alternative conceptual models, because of the inherent qualitative nature of geophysical data and the small magnitude of the overall decrease in matrix saturation from vapor loss.
It appears that, although measured data can be used to reduce uncertainty in understanding the spatial and temporal evolution of temperature (as discussed in Section 2.1), the same cannot be said about moisture redistribution in either the fractures or in the rock matrix. Since the moisture data are not sensitive enough to discriminate between the two conceptual models, we shall address the uncertainty issues related to moisture distribution in the following section through energy-and mass-balance considerations.
Assessment of uncertainties using energy-and mass-balance considerations
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In this section, energy and mass balance considerations will be used to assess uncertainties. Since the vapor that escapes the bulkhead via the HD is unmonitored, the uncertainty introduced by this unmeasured vapor loss on the spatial and temporal evolution of temperature and moisture redistribution (in the host rock) needs to be evaluated. Using an approach based on energy-and mass-balance, we shall now show that the loss of water mass in the form of vapor (and the associated energy) results from a small fraction of the total energy supplied to the host rock and that the resultant change in fate of moisture is not large enough to be detected by measured data. These considerations will lead us to bracket the impact of unmonitored vapor loss on temperature and redistribution of moisture in the host rock.
Energy balance
This subsection addresses partitioning of input energy to the test block into respective functions: heating rock, heating water, and providing energy for phase change. If we consider a rock of volume 1 m 3 with thermal and hydrological properties as defined in This finding is confirmed by Figure 7 , where we show the total energy used in heating rock for the two models through the first 27 months of heating. Figure 7 is based on detail calculations incorporating the simulated temperature for every gridblock from the 3-D numerical model of the DST. Figure 7 shows that, during the first three months of heating when single-phase conditions generally prevailed in the test block, energy utilized in heating rock (151 and 153 kW respectively from the two conceptual models) is virtually identical to the simple estimation of 153 kW. The fraction of energy utilized in heating rock decreases gradually with continual heating, as temperature in large volume of rock approaches the boiling point of water and more heat is used for phase change of water into vapor. In addition, energy utilized in heating rock for the two different models is comparable, the difference in energy utilized in heating rock between the two models is not more than 10 kW. The point to note is that the majority of the heat input (74-81%, depending on the time elapsed since heating started) goes into raising the rock temperature. The loss of heat associated with the unmonitored escape of vapor has to come out of the balance (~ 20%) of the input energy. The uncertainty resulting from vapor loss, therefore, is rather small in terms of percentage of input energy.
To partition this balance (~20% of the input energy) into energy for heating water and for phase change, and to calculate that part of energy that exits the test domain in the form of vapor is not as easy as determining the energy required for heating rock. This is because rock has a constant mass, while the total mass of water available for heating changes with Figure 7 . Figure 7 shows that no more than 24 kW (or a maximum of 13%) of input energy goes into vaporizing water during the first 27 months of heating in the DST. Having individually determined the heat used in heating rock (74-81%) and providing latent heat (maximum 13%), it can now be said that no more than 6-13% of the energy went into heating water from ambient 17 condition to boiling temperature. The 13% of input heat that went into boiling pore water provides an upper bound to energy loss associated with unmonitored moisture loss through the bulkhead.
Water balance
Since TH coupling is closely associated with moisture mobilization in the rock, it is important to assess the uncertainties associated with the fate of pore water. In assessing the uncertainty in fate of moisture, we focus mainly on saturation in the fractures rather than that in the matrix. This is because the change in saturation in the fractures, due to their small porosities and fast gravity-driven flow of condensate through them, is more than that in the matrix. Average fracture saturation would then be calculated for the DST at different phases of heating at an interval of three months, for both the models. Figure 9 shows this average saturation at various times during heating at the DST. Observe that, on an average, the fracture saturation changes very little from their ambient conditions of 7% to 10.7% and 9.1% for the two models, respectively. This confirms that the magnitude of uncertainty associated with moisture transport is rather small.
Water balance in a hypothetical closed system
To further examine the impact of unmonitored vapor loss on TH coupling, we pose the following hypothetical question: What would be the redistribution of moisture if the DST were to be an ideally closed system and moisture were not allowed to escape the system at all? Assuming that no moisture left through the bulkhead, we made the entire mass of water displaced from the matrix available to the fractures Based on this hypothetical situation, we spread the water evenly in all fractures and recalculated the "average" fracture saturation. The hypothetical fracture saturation for the two alternate conceptual models are shown in Figure 9 . Understandably, the estimated fracture saturation in the condensation zone for this hypothetical system is higher (maximum 31% and 33% for the two models, respectively, at 27 months) than that for the real test (10.7% and 9.1% for the two models, respectively, at 27 months), which include moisture loss. However, the maximum difference between the average fracture saturations at any time is less than 0.2. This is in a way a measure of the effect of open boundaries on the fate of pore water (and TH coupling). It has been shown earlier (see Figure 4 ) that the resulting change in air permeability arising out of such a change in fracture saturation would not have been detected by active hydrological testing. Therefore, it can be concluded that the DST has afforded us a very good understanding of the coupled TH processes, and the unmonitored loss of vapor through the bulkhead has not influenced the outcome of the test significantly.
Summary and conclusions
One source of uncertainty in the DST has been the unmonitored loss of moisture (and energy) leaving the test domain through an open bulkhead. To assess the uncertainty associated with vapor loss and to evaluate its impact on the outcome of the test, we used two alternative conceptualizations of the DST. In the first conceptualization, transport of vapor mostly through the natural fractures of the host rock was considered. In the second of the two conceptualizations, vapor transport through other high-permeability conduits, particularly through the boreholes housing the wing heaters, was also considered. We demonstrate that, as far as temperature rise is concerned, the second conceptualization produces results closer to measured data than the first 20 one. Similar sensitivity studies using alternative conceptual models were applied to moisture redistribution in both the fractures and the matrix. Measured spatial and temporal evolution of drying and condensation fronts in the fractures, as gathered from air-permeability testing, was qualitatively consistent with simulated locations of drying and condensation fronts for both the conceptualizations. The predicted range of reduction in air-permeability by both the models is consistent with measured air-permeability reduction. Air-permeability measurements therefore could not discriminate between two alternative conceptualizations. Similarly, geophysical measurements for monitoring moisture redistribution in the matrix provided qualitative trends of drying and wetting, which were consistent with predictions from both conceptualizations. It was concluded that the moisture data were not sensitive enough to distinguish between two conceptual models of vapor transport.
Uncertainties associated with the fate of moisture in the DST were evaluated using an approach based on energy and mass balance. We showed that almost 74-81% of the input heat energy in the DST went into heating rock. We also showed that about 6-13% of the input energy went into heating water. The rest (maximum 13%) of the input heat went into boiling the pore water. Since the energy loss (and vapor loss) through the bulkhead came out of this 13% of the input heat, in overall terms, the energy loss is small. To assess the impact of this unmonitored vapor loss on fate of moisture, we showed that almost 90% of the fractures showed a change of saturation of less than 0. Given the qualitative nature of measured saturation data, the difference in predicted average fracture saturation from the actual test and the hypothetical situation (~0.2) is not easily discernible.
Our assessment of uncertainties, in conjunction with previously published results
showing good agreement between model predictions and measured data for the DST, has led us to conclude that the DST has provided greatly improved understanding of coupled TH processes. In summary, the DST has been invaluable in building confidence in our ability to properly evaluate the performance of a potential repository at Yucca Mountain. Figure 5b 
